Purpose This retrospective review follows 31 tibial nonunions to compare union at the docking site using closed versus open strategies. In this cohort of patients, all but five were infected nonunions. Methods Thirteen patients initially treated with single compression were compared with 18 patients treated by open revision of the docking site. In the single compression group, an average of 6.5 cm of bone was resected and index lengthening was 2.04. In the open revision group, a mean of 9.4 cm was resected and the index lengthening was 1.73.
Introduction
Wide resection of bone is frequently required during Ilizarov transport techniques [1, 2, 16, 21] , leaving the surgeon facing a difficult problem. The remaining gap reduces progressively during transport, but in the interim, the repair process is shifted from a normal biological fracture response to a process in which a fibrocartilaginous tissue caps the bone, mimicking nonunion. The traditional Ilizarov approach consisted of simple compression of these tissues after bone transport was complete, and this was eventually associated with periods of distraction to stimulate osteogenesis [3, 9, 12, 22, 23] . More recently, however, some groups have expressed concern about the healing potential of this technique, proposing osteotomy of the docking ends and removal of the interposing tissue as a solution [6, 13, 19, 21] . With this technique, a biological environment more like fracture healing is restored and consolidation is considered more predictable. Clinical experience comparing closed and open docking site procedures are limited in the literature [14, 15] , and definitive evidence of the superiority of one method over the other is lacking. We compared short-term outcomes of open and closed docking site procedures between two matched patient cohorts to assess the impact of the procedure on consolidation and whether this was related to open or closed techniques. In addition, we compared these groups and whether compression-distraction time was correlated with consolidation and consolidation time.
Material and methods
This retrospective study compares docking site strategies in 31 tibial nonunions. These patients were treated with bifocal and trifocal techniques by two experienced surgeons (G.L. and F.S.) at a Level I trauma centre in the period between 1999 and 2009. The patient groups were comparable regarding age and gender distribution, and the hybrid advanced technique [5, 10, 17, 20] was used in all cases. Group A consisted of 13 patients (ten male, three female) with a mean age of 46.3 years (range 21-75 years) treated between January 1999 and December 2004 (Table 1) . In this group of subjects, the docking site was compressed after bone transport was complete, without removal of the interposed tissue (Fig. 1) . The rate of compression during the procedure was 0.25 mm twice a week for three months. No acute procedures were used. Previous procedures in these patients included: axial external fixation (6), intramedullary nailing (4), bifocal Ilizarov (1), open reduction and internal fixation (ORIF) (2), local debridement (4), plastic surgery (1) and ileopopliteal bypass (1). One patient had temporary external fixation followed by intramedullary nailing, and one had ileopopliteal bypass followed by intramedullary nailing and then plating. Local infection was present in nine of the 13 cases. The conventional Ilizarov frame (Plustek, Assago, Italy) was used in ten cases, the Taylor Spatial Frame (Smith and Nephew, Memphis, TN, USA) was used in two and the TrueLok frame (Orthofix, McKinney, TX, USA) in the other one. The technique of bifocal transport was used 11 times (antegrade in ten, retrograde in one) and trifocal transport was used in the other two patients (antegrade in one, converging in one). The amount of bone resected was an average of 6.5 cm (range 3.0-16.0 cm). Fibular osteotomy was performed in nine patients. Group B consisted of 18 patients (15 male, three female) with a mean age of 37.7 years (range 19-79 years) treated between January 2005 and March 2009 (Table 1) . In this group of subjects, the docking site procedure included a routine "refreshing" of the bone ends. This refreshing procedure consisted of resection of the bone ends at the terminus of travel, with partial disassembly of the frame to allow surgical access. The skin incision at the site was made in a standard Z-plasty technique to provide good exposure of the ends of the bones as well as allowing easy skin closure. The rate of compression during the procedure was 0.25 mm twice a week for three months. Previous procedures in these patients included: axial external fixation (14) , intramedullary nailing (1), ORIF (6), local debridement and vacuumassisted closure (VAC) therapy (14) and plastic surgery (8) . Plastic surgery consisted of skin graft (5), soleus flap (2), and latissimus dorsi and serratus anterior transfer (1) . Local infection was present in 14 of the 18 cases. The Taylor Spatial Frame (Smith and Nephew, Memphis, TN, USA) was used in 15 cases (Fig. 2) and the Sheffield External Fixator (Orthofix, McKinney, TX, USA) was used in the other three. The technique of bifocal transport was used seven times (antegrade in all) and trifocal transport was used in the other 11 patients (antegrade in four, retrograde in four, converging in three). Autologous bone grafting was performed in 17 of the 18 patients. In three patients a platelet gel was also added (and in two of these associated fibrin glue was used). The amount of bone resected was an average of 9.4 cm (range 4.5-17.5 cm). Fibular osteotomy was performed in 15 patients. Tendo-Achilles lengthening was performed in five patients and soft tissue transport was used four times. In both groups, bony and functional results were classified according to the Association for the Study and Application of the Method of Ilizarov (ASAMI) bony and functional scores as proposed by Paley. The final phases of docking site ossification was stimulated by gradually destabilising the fixator; with circular frame the nuts on the connecting rods were released in a sequence, one or two rods at a time at weekly intervals. The consolidation time was calculated with the empirical formula: external fixation time (days) − 10 (days before starting distraction) − compression-distraction (bone transport) time (days). When the docking site healed and the regenerate bone had formed a complete cortex on three sides the frame was removed safely.
Statistical methods
Descriptive statistics were used for the numerical data of the two groups. Inferential statistics including unpaired Student's t test and chi-square test were used to compare the numerical and categorical data in the two groups respectively. A P value of 0.05 was used as the level of significance. All statistical analysis was done using SPSS program version 10 (SPSS Inc., Chicago, IL, USA).
Results
In both groups all the docking sites consolidated. Consolidation time varied from 109 to 559 days, with a mean of 302 days (Fig. 3 ). Group A: the mean consolidation time was 272 days (range 109-550 days). Anterior bow of the proximal regenerate occurred in one patient, and this was corrected during a second bifocal treatment for septic refracture of a The two results classified as poor were as follows. The first was a case of refracture at the docking site 318 days after frame removal due to recurrence of sepsis. The second poor outcome was a case of nonunion of the regenerate in an immunosuppressed patient who was a heavy smoker. The patient otherwise had consolidation of the docking site. Septic refracture at the docking site was treated with a second bifocal treatment with simple compression at the docking site, with excellent bony and functional results. Functional results overall were excellent in six patients, good in five and poor in two. The patient with a septic refracture of the docking site eventually had an excellent bony and functional result, so ultimately only one patient, in effect, had a poor bony and functional result. Group B: the mean consolidation time was 323 days (range 187-559 days). Soft tissue interposition at the docking site was seen three times before surgical docking [11, 18, 24] (Fig. 2) , and a false aneurism of the peroneal artery was seen after one of the surgical docking site procedures (this was treated by embolisation). The distance of bone transport was an average of 9.4 cm (range 4.5-17.5 cm). The mean compression-distraction time was 17.4 weeks (range 9-43 weeks). The mean external fixation time was 455.6 days (range 260-870 days). The mean lengthening index was 1.73 months/cm (range 1.1-3.4 months/cm). After frame removal, regenerate bending was observed in four patients. In three the angulation was less than 5°and was left untreated. Fig. 3 Correlation between the distraction osteogenesis (cm) and consolidation time (days) in the selected groups However, in one patient, bending measured 8°with a skin ulcer, and a second circular frame was applied for correction and removed after three months. One patient had a fracture of the regenerate after frame removal and was treated with plating. Final bony results were excellent in 13 of 18 cases and good in five of 18 cases. Functional results were quoted as excellent in ten patients, good in six and fair in two. Table 2 and Table 3 show the statistical analysis between the two groups; there was no statistical difference between the two groups.
Discussion
Consolidation at the docking site occurred in all subjects in both groups, so we did not find evidence of the superiority of one modality of treatment over the other (Fig. 4) . The simple compression procedure did not require an additional component of surgery (bone end resection, harvesting of bone graft) and appears less demanding and more cost-effective. Our statistical analysis supports these findings; the data showed no difference between the two groups. Historically, the Ilizarov technique treated segmental defects up to 19 cm with no mention of opening the docking site [12] , and the first experiences of many small series using internal transport included closed compression of the contact area until union, with high success rates reported. One series had 100% union in 25 patients after corticotomy, stimulating blood flow, compared with conventional bone grafting [14] . This study can be compared with another where three of 28 patients had refractures that consolidated after corticotomy, compression and reapplication of the apparatus. These authors emphasised the benefit of a technique that did not require bone grafting [2] . Other studies have reported delays in the healing process after docking; in these cases, the authors adopted a protocol of opening the docking site if progression to union was not seen after three months of compression. All of the patients subsequently went on to union [15] . In a recent review of different options for treatment of the docking site, the authors reported that spontaneous union at the docking site after simple compression is actually infrequent and often due to interposed fibrous tissue. These authors did not support their opinions with data from the literature and presented only five cases, three of which evolved into nonunions, leading us to believe that this work is more an expression of the general scepticism of the orthopaedic community toward closed procedures at the docking site [8] . Our data confirm the results of the first reported studies on closed Ilizarov treatment of tibial bone loss [2, 3, 12, 14] evidenced by all patients in group A showing docking site consolidation without further procedures. We believe that some technical details contributed to the success of the subsequent compression. First, the debridement during the initial surgery was very thorough, extending to viable, bleeding bone on both sides, but avoiding any periosteal stripping of the bone ends. In addition, the bony resection was made in a plane strictly perpendicular to the long axis of the tibia, taking great care to perfectly align the bone ends during compression. It is our conviction that the presence of devitalised or poorly vascularised bone at the docking site and poor contact between bone ends secondary to inappropriate resection or malalignment during compression are important factors that can facilitate a nonunion. One argument in favour of open procedures states that by the end of travel, the bone ends are covered with a fibrocartilaginous cap which will impede healing. However, simple compression of a cartilaginous tissue can stimulate endochondral ossification, similar to the process of bone formation that occurs in growing bones (and is also present in fracture repair along with intramembranous ossification [4] . In most studies of open docking site procedures, there has been no analysis of the removed fibrocartilaginous material. To our knowledge, the only histological study of this material was in an animal model, confirming the presence of both intramembranous and endochondral ossification [7] . In one of our cases, local sepsis did not resolve, in spite of consolidation, and a refracture occurred after ten months. In this case, an open docking site procedure could had resolved the infection, and this is perhaps the main, if not only, indication for an open procedure. We also acknowledge that open procedures performed in group B resulted in consolidation in all cases. The increased external fixator time in group B (455 versus 380 days in group A) was related more to the amount of bone transport (9.9 cm in group B versus 5.9 cm in group A) than to any other factors. In addition, index lengthening appears to be superior in group A (2.1 versus 1.8 in group B), but this difference is largely due to a higher number of trifocal procedures in group B (11/ 18 versus 2/13 in group A) rather than a shorter consolidation time after the open docking site procedure. In addition, it is important to note that a decision on frame removal has been largely dependent on consolidation of the lengthened bone. Two other biases evident in our study are the shorter bone transport of the closed procedures of group A as well as the absence of cases of soft tissue invagination in group A. With these limitations, it is difficult to make definitive conclusions regarding the superiority of one approach over another. However, we believe that our study is the first to compare closed and open docking site procedures, and it does show that both are able to adequately achieve consolidation. Our results with closed procedures have confirmed the earliest experiences using Ilizarov bone transport techniques, questioning the need for opening and refreshing bone ends, especially in shorter transports.
